Formation of scar tissue may be reduced or prevented if wounds are locally treated with a combination of molecules tuned to the different healing phases, guiding tissue regeneration along a scar free path. To this end, drug delivery devices made of cellulose acetate phthalate and Pluronic F-127 were loaded with either quercetin or pirfenidone and plasticized with either triethyl citrate or tributyl citrate. Quercetin inhibits oxidative stress, and pirfenidone has been shown to reduce production of pro-inflammatory and fibrogenic molecules. The combined effects of drug and plasticizer on erosion, release, and mechanical properties of the drug delivery films were investigated. Triethyl citrate-plasticized films containing quercetin released drug at a slower rate than did tributyl citrate films. Pirfenidone-loaded films released drug at a faster rate than erosion occurred for both types of plasticizers. Higher plasticizer contents of both triethyl citrate and tributyl citrate increased the elongation and decreased the elastic modulus. In contrast, increased pirfenidone loading in both triethyl citrate and tributyl citrate films resulted in a significantly higher modulus, an antiplasticizer effect. Adding pirfenidone significantly decreased elongation for all film types, but quercetin-loaded samples had significantly greater elongation with increasing drug content. Films containing quercetin elongated more than did pirfenidone-loaded films. Quercetin is over 1.5 times larger than pirfenidone, has water solubility over 12 times lower, and has 6 times more bonding sites than pirfenidone. These differences affected how the two drugs interacted with cellulose acetate phthalate and Pluronic F-127 and thereby determined polymer properties. Drug release, erosion, and mechanical properties of association polymer films can be tailored by the characteristics of the drugs and plasticizers included in the system.
Introduction
Large soft tissue defects are common in motor vehicle accidents as well as in military injuries. Open wounds accounted for 10.3% of the 5.3 million non-fatal injuries from traffic collisions in the United States in 2000, and about 50% of all military injuries involve musculoskeletal wounds to the extremities. 1, 2 Aberrant wound healing results in extended inflammatory phases leading to the formation of fibrotic tissue. [3] [4] [5] The greater the defect size, the longer the healing process will be, 6 and infection and ischemia further prolong inflammation. 7, 8 Wound location and the patient's health and age also affect duration of the inflammatory phase. 9 Secondary union wounds, where exposed soft tissue requires re-epithelialization, can result in scar contractures with negative esthetic and functional consequences. [10] [11] [12] As such, there is a need for treatments that can simultaneously enhance wound healing while reducing fibrotic scar tissue formation.
Scar tissue formation could potentially be reduced or prevented if wounds were treated with individual or a combination of molecules targeted to the specific pathways of the healing process. The two drugs used in this study were quercetin and pirfenidone. Quercetin is a naturally occurring molecule that increases cell proliferation, decreases superoxide activity, and reduces wound contraction. [13] [14] [15] [16] Reactive oxygen species are predominately released by infiltrating macrophages and act as pro-inflammatory mediators. 17 Thus, quercetin can inhibit oxidative stress to decrease inflammation. Pirfenidone is a pharmaceutical shown to reduce fibrosis and scarring by downregulating adhesion molecules and certain fibrogenic cytokines and growth factors, including interleukin 1β and transforming growth factor-β 1 . [18] [19] [20] [21] [22] The drug delivery films examined in this study were an erodible, association polymer system of cellulose acetate phthalate (CAP) and Pluronic F-127 (PF127). 23 As the polymer erodes, drugs can be released from the system in a zero-order manner. [24] [25] [26] CAP-PF127 films are rigid, glassy polymers, but the addition of plasticizer increases flexibility, potentially allowing the devices to contour to the shape of varying wounds. 27 The effects of plasticizers, in combination with different drugs, loaded in CAP-PF127 films have not been previously studied. Films containing quercetin or pirfenidone with either triethyl citrate (TEC) or tributyl citrate (TBC) were investigated to determine the combined effects of drug and plasticizer on erosion, release, and mechanical properties.
Materials and methods

Film fabrication
CAP (Sigma-Aldrich, St. Louis, MO, USA) and Pluronic F-127 (Sigma-Aldrich) were combined in a 70:30 weight ratio, respectively, for a total mass of 2 g per film. Either TBC (Sigma-Aldrich) or TEC (Sigma-Aldrich) was combined with the CAP and PF127 at 0, 10, or 20 wt%. Quercetin (10 or 100 mg; Sigma-Aldrich) or pirfenidone (6.1 or 61 mg; Tokyo Chemical Industries, Portland, OR, USA) was added to the mixture (Figure 1) . The low and high loadings of the two drugs are molar equivalents at 0.033 and 0.33 mol. A 25% (w/v) polymer solution was made by adding acetone to the CAP, Pluronic F-127, plasticizer, and drug. Mixtures were vortexed to ensure uniform dissolution of the components, cast into Teflon dishes, and the acetone allowed to evaporate at 10°C overnight. Films were desiccated overnight before analysis. Each sample is subsequently referenced by the average drug loading within individual samples (approximately 64 and 640 µg for quercetin and 39 and 390 µg for pirfenidone). The sample calculation below for 100 mg of quercetin shows how the average loadings were determined 
Erosion and drug release studies
Five-millimeter-diameter disks were punched from the approximately 0.5-mm-thick films, weighed to determine their initial mass, and placed individually in 24-well plates. Initial sample masses averaged around 15 mg. After adding phosphate-buffered saline (PBS), pH 7.4, to each well, the plates were gently agitated on an orbital shaker at 37°C. Three disks were collected and dried every hour, and their supernatants were saved for analysis of drug release. PBS in the remaining wells was replaced with fresh solution every hour. Dried samples were weighed to determine the final mass for calculating percentage mass loss. High-performance liquid chromatography (HPLC) analysis was performed using a Shimadzu Prominence system equipped with a Luna C-18 column (4.6 × 250 mm 2 , 5 µm). For detection of quercetin, the mobile phase consisted of water containing 0.1% trifluoroacetic acid and methanol (30:70), with absorbance measurement at 254 nm. For detection of pirfenidone, the mobile phase consisted of water containing 0.2% acetic acid and acetonitrile (50:50), with detection at 310 nm. Injection volumes were 50 µL for all samples with a flow rate of 1 mL/min.
Mechanical properties
Microtensile test samples were punched from the films using a dog bone die (ASTM D1708) and the width and thickness of each sample measured using digital calipers. Tensile tests were performed in displacement control mode at a rate of 0.5 mm/s using a BOSE ELF 3300 system. From the force and displacement data, along with the dimensions of each sample, the elastic modulus (E) and percent elongation normalized by the cross-sectional area were calculated.
Statistics
Samples of the same drug molar content, drug type, same plasticizer concentration, and plasticizer type were compared against each other. The results were analyzed using two-way analysis of variance (ANOVA), and a p-value <0.05 was considered statistically significant. Comparison of regression curves to a 45° line representing surface erosion was performed on slopes and intercepts of the release versus erosion plots, with a p-value <0.05 considered statistically significant.
Results
Erosion and release studies
The mass loss and drug release profiles for 0 and 10 wt% TEC and 0, 10, and 20 wt% TBC films loaded with 64 µg quercetin were linear (Figures 2(a) and 3(a)), with drug release rates from 9.3 to 13.0%/h and erosion rates from 7.1 to 9.3%/h. When mass loss and release were plotted against each other, quercetin-loaded TEC and TBC films followed along or below the 45° line that represents drug release based on only surface erosion (Figures 2(b) and 3(b)). The mass loss and drug release profiles for 20 wt% TEC films loaded with 64 µg quercetin both appeared more curved than the others but followed the 45° surface erosion line when plotted against each other. When the same molar amount, 0.033 mol per film (39 µg per sample), of pirfenidone was added to the films, the cumulative drug release profile did not have the same linear behavior (Figures 2(c) and 3(c)). Over 9% more pirfenidone was released in the first 6 h compared to the quercetin-loaded films (p < 0.001). None of the TBC-plasticized 64-µg quercetin-loaded films reached 80% cumulative release at 6 h, but all the TBC-plasticized 39-µg pirfenidone-loaded samples had released over 93% of their total loading (p < 0.001) (Figure 3 (a) and (c)). Similarly, with the TEC-plasticized films, the cumulative release at 6 h was under 83% for all the 64-µg quercetin-loaded samples and was over 92% for all 39-µg pirfenidone-loaded samples (p < 0.001) (Figure 2 (a) and (c)). Pirfenidone release slowed significantly after 6 h (Figures 2(c) and 3(c)). When release from the TEC-plasticized films loaded with 39 µg pirfenidone was plotted against erosion, the first three data points were not significantly different from the 45° line for 10% and 20% TEC. For the last five data points, however, drug release was faster than the rate of mass loss (Figure 2(d) ). The erosion versus release slope in this later region was significantly different from the 45° line (p < 0.01) for both 10% and 20% TEC. The plot of release versus erosion for the TBC-plasticized, 39-µg pirfenidone-loaded films was initially above the 45° line, and even after the first half of the mass loss, release still increased faster than the films eroded (Figure 3(d) ). When the quercetin loading was increased to 640 µg, TBC films released drug over 1.5 times faster than mass was lost, and the profile did not fit the erosion-based model (Figure 3 (e) and (f)). TEC films loaded with quercetin released the drug at a significantly slower rate than did the TBC films: 52%-56% of the quercetin had been released by 3 h for TEC-plasticized films, while 74%-80% had been released by TBC-plasticized films (Figure 4) (p < 0.001). TECplasticized films loaded with 390 µg pirfenidone released 98% or more of the drug at 6 h, while the 640-µg quercetin-loaded films had a maximum cumulative release of 91% at that time (p < 0.001). Quercetin release from TEC-plasticized films better followed the 45° erosion-based drug release line (Figure 2 
Mechanical properties
Higher plasticizer contents of both TEC and TBC increased the elongation and decreased the elastic modulus of CAP-PF127 films ( Figure 5 ). Increased pirfenidone loading, from 0 to 390 µg, in both TEC and TBC films caused a significant increase in E (p < 0.001) ( Figure 5(a) ). TEC films with 20 wt% plasticizer showed a significant decrease in E when quercetin loading increased from 0 to 640 µg (p < 0.01) ( Figure 5(b) ). The modulus of films plasticized with TBC and loaded with quercetin increased with drug content from 0 to 64 µg and then decreased from 64 to 640 µg (p < 0.001 for 0 wt%; p < 0.01 for 10 and 20 wt%) ( Figure 5(b) ). Increasing pirfenidone loading from 0 to 39 µg significantly decreased elongation for all film types (p < 0.001) ( Figure 5(c) ). Quercetin-loaded samples had significantly greater elongation with increasing drug content (p < 0.001) ( Figure 5(d) ), and they elongated more than did pirfenidone-loaded films. For the same molar drug loading in 20 wt% TEC films, quercetin samples elongated 17 times more than did those containing pirfenidone (p < 0.001). For 20 wt% TBC, quercetin films elongated 26 times more than pirfenidone-loaded samples (p < 0.001).
Discussion
Two mechanisms govern drug release from CAP-PF127 films: erosion and diffusion. 28, 29 Erosion control occurs when the loaded drug is released at the same rate at which the polymer vehicle erodes, which is a zero-order process for CAP-PF127. In diffusion-controlled release, water penetrates the material to dissolve the drug or disassociate it from the polymer, thereby enabling drug to diffuse from the matrix. Erosion and diffusion control represent two ends of the spectrum; release from most degradable or erodible polymer systems falls somewhere between the two. The mechanism of drug release from unplasticized 70:30 CAP-PF127 films has been shown to be surface erosion. 23, 26, 30 Other drug delivery systems, such as poly(ε-caprolactone), poly(dl-lactideco-glycolide), ethylene vinyl acetate, and starch, are diffusion-controlled and would leave behind polymer once release is complete. [31] [32] [33] [34] [35] In contrast, CAP-PF127 films release drug as they erode, so material will not remain in the healing wound to cause an inflammatory reaction after the therapeutic dose is released. 36, 37 Poly(ortho esters) can also be surface-eroding systems but require stabilizing co-monomers to increase hydrophobicity to slow hydrolysis and consequent drug release. 38, 39 The effects of plasticizers on release of drugs from the CAP-PF127 system had not been previously studied. In other polymers, plasticizers can increase or decrease the rate of release by either increasing the surface area after plasticizer leaches out or creating a better barrier to the dissolution media. 40, 41 The plasticizers, TEC and TBC, incorporated into the films are commonly used in pharmaceuticals and in biomedical devices. [42] [43] [44] TEC is a hydrophilic plasticizer with an aqueous solubility of 12 mg/mL, but TBC exhibits limited solubility at 0.15 mg/mL. [45] [46] [47] TBC is a larger molecule than TEC, with molar masses of 360.45 and 276.28 g/mol, respectively.
The two drugs explored, pirfenidone and quercetin, have different solubility in water, 4.4 and 0.36 mg/mL at 25°C, respectively. 48, 49 The molar mass of quercetin is 302.24 g/mol, which is over 1.5 times that of pirfenidone at 185.22 g/mol. Quercetin also has 12 bonding sites (5 donors and 7 acceptors) that can interact and/or interfere with the association polymer system. For example, the phenol and enol groups of the drug can form hydrogen bonds with the ether oxygens in Pluronic F-127. 49, 50 Additionally, the ketones in quercetin may interact with the carboxylic acid of CAP. These associations could affect polymer erosion as well as the release of quercetin from the system. In contrast, pirfenidone has only two acceptor sites on the amide that could bond with the CAP-PF127 system. 48 Fewer acceptor sites, a smaller size, and increased hydrophilicity resulted in pirfenidone being released more easily from the micron-sized pores created as the system eroded. 27 Samples containing pirfenidone exhibited a dual mechanism of release. Surface erosion controlled the first half of the 39 µg pirfenidone release from TEC-plasticized films. The first half of release from 39-µg loaded pirfenidone TBC-plasticized films also predominantly occurred via surface erosion, but after the fourth hour, release occurred at a faster rate than did polymer mass loss, signifying a transition to diffusion control. The shift in the main mechanism of release did not occur for the other drug and plasticizer combinations. The 64-µg quercetin-loaded films all fit the 45° line closely, indicating that the mechanism of release was surface erosion. If some diffusion occurred, the effect was insignificant. Previous work found that film porosity, even in unplasticized films, increased significantly after a 2-h incubation in PBS. 27 Development of pores increased the surface area by which drug was released from the surface-eroding system. As more drug was added to the system, the leading mechanism of release shifted from erosion to diffusion and increased the release rate. This shift has been seen in other drug release systems, including atenolol-loaded ethylene vinyl acetate films. 34 With increased drug loading, the concentration gradient is steeper and less CAP-PF127 is present to control the release. The voids left behind by the released drug allow molecules deeper in the device to also diffuse out. This was seen for higher loadings of both quercetin and pirfenidone.
As observed in previous studies, increasing the plasticizer content of both TEC and TBC led to decreased elastic modulus and increased elongation, resulting in a CAP-PF127 film that will conform better to the complex shapes of wounds. 27, 51, 52 TEC plasticized the films to a greater degree than did TBC because it is a smaller molecule, and for the same mass, there were over 1.25 times as many TEC as TBC molecules present in the films. Although pirfenidone is a smaller molecule than either of the two plasticizers, it still may have physically interfered with the ability of TEC or TBC to plasticize the films by separating the polymer chains and interacting with the carboxylic acid of CAP. In the unplasticized films, this pirfenidone interaction reduced what little flexibility the CAP-PF127 films alone had, which resulted in an increased modulus and decreased elongation as pirfenidone content increased. It is not uncommon to see an "antiplasticizer" effect when small amounts of drug or plasticizer are added to polymer. 31, 51, 53 The chemical structures of pirfenidone and quercetin fit Jackson and Caldwell's "antiplasticizer criteria" because they contain polar atoms, have at least two nonbridged rings, and have one dimension less than about 5.5 Å. 53 The side groups of quercetin likely interacted with both polymers in the CAP-PF127 system to result in synergistic effects on elongation and an increased modulus. [54] [55] [56] The changes in the mechanical properties caused by the plasticizers and drugs did not correlate with differences in the release profiles. Mechanical testing occurred when the films were dry at approximately 20°C, however release occurred when the samples were wet at 37°C. Because films composed of CAP and PF127 in a 70:30 weight ratio have a glass transition temperature around 80°C, it is reasonable to expect that the mechanical properties do not significantly change at 37°C. 23 Previous work found that devices incubated in saline for 2 h leached plasticizer resulting in increased strength. 27 This phenomenon has been seen in other systems before, including sodium alginate-magnesium aluminum silicate films plasticized with polyethylene glycol 400 or glycerin. 57 The chemical and mechanical changes that occur once the films are wet reduced any observable difference in the release.
Conclusion
Release from drug delivery films can be controlled by the amount loaded and the drug properties, including size, hydrophobicity, and interactive side groups. The mechanical properties are also controlled by loading and the drug properties. Plasticizer can be introduced to further modulate films to achieve the desired mechanical properties. The combined effects of drug and plasticizer on the properties of drug delivery films can range from antagonistic to synergistic. Different drugs and plasticizers can be added to association polymer films, such as CAP-PF127, to tailor the erosion, release, and mechanical properties needed for various applications.
